Recently, Tyliszczak et al. ͓J. Electron Spectrosc. Rel. Phenom. 114, 93 ͑2001͔͒ have observed oscillations in the generalized oscillator strength ͑GOS͒ profile of molecular inner-shell excitations by electron impact. In order to check the mechanism that gives rise to these oscillations, we have calculated GOS profiles for different inner-shell→ Rydberg excitation processes in CO 2 and butadiene. The comparison of the oscillations appearing in these ab initio results with a simple analytical model in which the interference term is explicit brings out very strong evidence favorable to the hypothesis that the observed oscillations in the GOS are due to Youngtype quantum interference related to symmetry-equivalent atoms.
I. INTRODUCTION
Oscillations in the differential cross sections as a function of the scattering angle or in the generalized oscillator strength ͑GOS͒ as a function of the transferred momentum, commonly found as one investigates electron or ion impact on and molecules, can be associated with different mechanisms ͓1-7͔. Coherence in inelastic scattering for valence excitations of molecules by electron impact has been discussed for a long time. Karle ͓1͔ developed general formulas in which the coherence is characterized by a sinusoidal undulation superimposed on a decreasing background as a function of the momentum transfer. Considerations on symmetry and structure of molecules led him to establish, for example, that for a homonuclear diatomic molecule the intensity of a ⌺ g → ⌺ g transition would present a certain oscillation pattern as function of scattering angle ͑or momentum transfer͒ of the electron. On the other hand, a ⌺ g → ⌺ u transition would present a similar behavior but with the phase inverted. Swick and Karle ͓8͔ observed these features in the case of Br 2 molecule, although they were unable to discard the possibility that the nodal structure of atomic-like Rydberg orbitals would be responsible for the pattern. Later on, Kim et al. ͓2͔ showed that these nodes were the responsible for the oscillations in the GOS for electron-atom collisions. Other attempts to observe coherence features, such as for example in CCl 4 ͓9͔, were discarded since it was shown that the oscillatory behavior was related to the multiple scattering. Recently, Stolterfoht et al. ͓4͔ and Galassi et al. ͓5͔ have presented experimental and theoretical evidence of Youngtype interference pattern in H 2 ionization by ion impact. Other recent works have shown that this kind of oscillation can also arise in ionization after Heu H 2 + collisions ͓6͔, in ion impact on H 2 ͓10,11͔ and D 2 ͓12͔, and in electron emission after electron impact on D 2 ͓13͔. In the present work, we will show that these oscillations take place even in systems as large as C 4 H 6 ͑butadiene͒.
To the best of our knowledge, the first attempt to discuss coherence in the inelastic scattering for inner-shell excitations of molecules by electron impact has been done only recently ͓14,15͔. In these works we have calculated the generalized oscillator strength ͑GOS͒ as a function of the transferred momentum for electron impact excitations of O 1s states of CO 2 molecule and have predicted the existence of coherent scattering for some of the states, which has been supported by indirect experimental evidence also presented in these works. In particular, oscillations in the experimental GOS of the energy-loss peak at 539 eV were clearly observed and reported in Ref. ͓15͔ . Since the experiment did not allow to resolve the O 1s → 3p u , O 1s → 3p u and O 1s → 4s g excitation processes, we have compared the theoretical and experimental results for the sum of these three transitions and obtained a reasonable agreement.
A remarkable feature of K-shell transitions is that the electron that is excited is highly localized around a certain atom, in such a way that the chemical ambience has minor influence on the transition energy. Accordingly, discrete C 1s transitions are expected to appear at 280-295 eV while for O 1s transitions will arise around 530 eV, depending on the specific chemical compound. Even for nonequivalent atoms of the same element occurring in a molecule it is possible to make a precise assignment of the spectrum, as it is the case of the central and terminal nitrogen and carbon atoms in N 2 O ͓16͔ and butadiene ͓17͔, respectively. In all these cases, one can unequivocally determine to which atom is the 1s electron that scatters the incident electron dominantly attached. On the other hand, when the atoms are equivalent by symmetry, it is impossible to specify the scattering center due to the indistinguishability of the atoms. In terms of the molecular orbital theory, the 1s orbital from both atoms will combine to generate symmetry-adapted orbitals 1s g and 1s u . For instance, in the CO 2 case, the incident electron can, in principle, excite a 1s electron of one or other oxygen atom, which is analogous to the electron moving through one or other slit in the double-slit experiment and-as it occurs in *Electronic address: mario.barbatti@univie.ac.at † Electronic address: rocha@iq.ufrj.br ‡ Electronic address: biel@iq.ufrj.br this latter case-it could give rise to Young-type interference terms.
The aim of this work is to show that the oscillation patterns in inner-shell excitations are indeed originated by Young-type quantum interference and not by other factors such as nodes in the wave function or multiple scattering. For this purpose, we will explore the oscillations in the highlevel ab initio calculations of the GOS for carbon dioxide and butadiene inner-shell→ Rydberg transitions, comparing them with an analytical model based on the Karle's approach ͓1͔, in which the interference term is explicit.
II. THEORY AND DETAILS OF THE CALCULATIONS

A. Quantum chemical calculations
We have calculated the generalized oscillator strength ͑GOS͒ for the vertical excitation from the ground X 1 A g electronic state to several C 1s inner-shell electronic excited states of 1-3 transbutadiene ͑C 4 H 6 ͒ and used previous calculated values ͓14,15͔ for O 1s inner-shell electronic excited states of CO 2 . The ground state equilibrium geometries have been determined at second-order Møller-Plesset ͑MP2͒ ͓18͔ level with the triple-zeta-quality 6-311G͑d , p͒ basis set ͓19͔.
For the computation of the generalized oscillator strength, electronic wave functions for the ground and excited states were determined with the configuration-interaction method allowing single and double excitations ͑SDCI͒ and expanded on a ͑12s ,6p ,1d͒ / ͓10s ,4p ,1d͔ Gaussian basis set for carbon and oxygen atoms and on a ͑5s ,1p͒ / ͓3s ,1p͔ Gaussian basis set for hydrogen atoms. The employed Gaussian basis sets were constructed ͓20͔ bearing in mind a good description of ͑1͒ the core molecular orbitals and ͑2͒ the external single occupied orbital after excitation of one electron from the core. Hence, we have used much uncontracted basis sets with several basis functions for the core region and several diffuse functions for the external region. For transitions involving states of different symmetries, the occupied and improved virtual orbitals ͑IVO͒ ͓21͔ were determined independently for the ground and each excited states. This means that the reference determinants for the SDCI calculations were optimized for each molecular state and these determinants include, for the excited states, the strong relaxation that takes place in the formation of an inner-shell excited state. In addition, for the CO 2 molecule, generalized multistructural ͑GMS͒ ͓22,23͔ wave functions were used in order to take into account the core-hole localization effects without breaking the full molecular symmetry. Detailed description of the use of GMS wave functions in the GOS calculation has been given in previous publications ͓14,15,24͔.
The GOS as a function of the transferred momentum K by a fast incident electron has been computed within the first Born approximation as ͓25͔
where E is the transition energy, g n the degeneracy of the final state, and R ជ 0 the ground state equilibrium geometry. The integration over ⍀ results from averaging over the orientation of the molecule with respect to K ជ . The transition ampli-
where r ជ j stands for the coordinates of each one of the N molecular electrons. 0 and n are the ground-and excitedstate electronic wave functions, respectively. The wave functions for the ground and excited states, in spite of being a suitable description for the states involved in the transition, have the disadvantage of being mutually nonorthogonal. This requires considerable computational effort for calculating the transition matrix elements. The matrix elements for the scattering amplitude between the nonorthogonal wave functions were calculated using a biorthogonalization procedure ͓22͔. 
B. Analytical model
In order to test the correspondence between the oscillations in the GOS for inner-shell excitation by electron impact with the Young-type interference, a simple physical picture of the scattering process can be envisaged as a combination of the processes in which the incident electron is scattered by the 1s electron of one or other of two symmetry-equivalent atoms. After the scattering, the 1s electron is promoted into a virtual orbital creating a hole in the 1s orbital. So, the final wave function can be schematically written as
where l and r represent the electronic wave function that has a hole on the left and on the right atom, respectively. The scattering amplitude reads
where
Although the scattering amplitude can be evaluated numerically in terms of high level ab initio methods of quantum chemistry such as that outlined in the previous section, it can be useful to evaluate it analytically on basis of a simple model. For this purpose, we assume that the incident electron interacts only with the core electron that is promoted into the virtual orbital. This simplifies Eq. ͑4͒ to
where ជ is the vector connecting the two atoms and f x is the transition amplitude for the electron scattered by the atom x, which is given by
where r ជ x = r ជ − R ជ x and R ជ x is the position of atom x. Note that f x diverges from a simple transition amplitude for an atomic case because 0 is not centered at atom x. The term in the parenthesis in Eq. ͑6͒ is the Young-type interference term. In a particular case of elastic scattering, f x is real ͓27͔ and the interference term can be immediately written out in terms of cos͑K ជ · ជ͒. For an inelastic scattering, the situation is more complicated ͓1͔ unless we restrict our analysis to symmetryequivalent atoms. In such a case, f l = f r and we obtain
If we assume random orientation of the molecule relative to the incident electron, the average of Eq. ͑8͒ over ⍀ gives
In this result derived formerly by Karle ͓1͔ in the context of valence excitations, the sin͑K͒ / K term accounts for the interference between the two scattering centers. By substituting Eq. ͑9͒ into Eq. ͑1͒, the GOS in this simplified oneelectron model is given by
where the plus signal stands for ⌺ g → ⌺ u transitions and the minus signal for ⌺ g → ⌺ g transitions. From now on, we will adopt the notation in terms of linear symmetric species ͑⌺ g , ⌺ u ͒, but we note that Eq. ͑10͒ is general enough to deal with pairs of symmetry-equivalent atoms even in nonlinear systems, such as butadiene, which will be discussed bellow. This model reveals a series of interesting features that are somehow hidden by the hard numerical calculation. To begin with, note that the frequency of the oscillation depends only on the distance between the two scattering centers, in close analogy to the distance between the two slits in the Youngtype experiment. The phase of the oscillations changes to a sine pattern after performing the angular average. If it were possible to devise some experimental scheme in which the orientation of the molecule was controlled, one would observe a cosine pattern, as indicated by Eq. ͑8͒.
The symmetry or antisymmetry of the final state also has some influence on the phase. The GOS with minus signal in Eq. ͑10͒ represents a phase shift of in comparison with the GOS with the plus signal. Although the behavior in the limit when K tends to zero cannot be defined without an explicit determination of f l ͑K͒, the small momentum behavior, if we only consider the term in the brackets of Eq. ͑10͒, is consistent with that which is expected for a dipole-allowed ⌺ g → ⌺ u and dipole-forbidden ⌺ g → ⌺ g transitions close to K = 0. The interference term already contains a damping factor ͑K͒ −1 that reduces the oscillatory pattern for high values of the transferred momentum. It is clear, however, that the general profile of the oscillations might also have strong dependence on the ͉f l ͉ 2 K −2 amplitude term.
III. RESULTS AND DISCUSSIONS
In order to further discuss Young-type interference patterns for inner-shell excitations, we have selected a series of transitions in two different systems that allow us to verify some properties typical of this kind of interference in our ab initio GOS calculations. Experimentally, to observe directly the oscillations is a hard task due to the very small energy separation between the ⌺ g → ⌺ u and ⌺ g → ⌺ g transitions, about 0.02-0.05 eV. For the moment experiments could not resolve these transitions. This lack of direct experimental evidence has forced us to restrict the present discussion to the theoretical aspects only. However, it is important to stress that our group has calculated GOS of inner-shell excitations for several years and compared them with experimental results ͑for instance, see Refs. ͓14-16,24͔͒. Our calculated values do match, in general, quite well the experimental results.
A basic test of the nature of the oscillation in the GOS is to perform the calculations including just one or both symmetry-equivalent atoms. In Young-type interference, we would not expect to observe any oscillation in the former. To accomplish these tests, we have performed three different GOS calculations for the O 1s → 3s excitation process in CO 2 molecule. For the first one, we have built a GMS wave function for the excited state mixing three structures, the first has been optimized with a hole on the left oxygen atom, the second with a hole in the right oxygen atom, and the third one with a delocalized 1s g hole. This function has the complete D ϱh symmetry. In Fig. 1 we call this A. The second calculation is based on a GMS function with one structure with the hole localized at the left atom. In this function the symmetry has been broken and reduced to C ϱv group. In Fig.  1 we call this B. The third calculation was done with SDCI in the molecular orbital basis of the ground state, i.e., in a delocalized 1s g hole ͑C͒. calculations as a function of the transferred momentum. As expected in Young-type interference, oscillations in the GOS as a function of K 2 are seen only in two of these calculations: that one based on the GMS wave function ͑A͒ and the other based on the delocalized hole ͑C͒. Oscillations in the GOS are not seen in the calculations based on localized hole ͑B͒. Physically, calculation B is equivalent to closing one of the diffraction slits in a double-slit experiment.
If the oscillations are due to Young-type interference, we should also be able to verify some direct consequences of Eq. ͑10͒ in the ab initio GOS profiles.
͑i͒ The oscillatory pattern should be dominated by the 1 ± sin͑K͒ / K function.
͑ii͒ The oscillation phase should shift by in the comparison between the ⌺ g → ⌺ u and the ⌺ g → ⌺ g transitions.
͑iii͒ The oscillation frequency should increase with the increase in the distance between the scattering centers.
In addition to CO 2 system, butadiene is a suitable system to test these points. It has four carbon atoms, which are equivalent by pairs: the two central ͑C 2 and C 3 ͒ and the two terminal ͑C 1 and C 4 ͒ atoms ͑see Table I͒. The carbon 1s orbitals of atoms 2 and 3 mix to form the 1a g and 1b u molecular orbitals while the carbon 1s orbitals of atoms 1 and 4 mix to form the 2a g and 2b u molecular orbitals. Owing to this, we perform calculations of the GOS as a function of the squared transferred moment K 2 for C 1s͑1a g ͒ → 3s, C 1s͑1b u ͒ → 3s, C 1s͑2a g ͒ → 3s, and C 1s͑2b u ͒ → 3s inner -shell→ Rydberg transitions. Experimentally, Sodhi and Brion ͓28͔ assigned the 287.1 eV peak in the electron energy loss spectrum to these sets of transitions.
Figures 2-5 compare the ab initio calculated GOS with Eq. ͑10͒ for a set of eight inner-shell→ Rydberg transitions of CO 2 and butadiene molecules. The GOS results for CO 2 are the same as those presented in Fig. 9 of Ref. ͓14͔. In all these figures we see that the oscillations in the correspondent 1 ± sin͑K͒ / K function of Eq. ͑10͒ match quite well the oscillations in the GOS. We also note that in all of them, the interference-damping factor ͑K͒ −1 is not enough to explain the oscillation damping for large values of K 2 . All GOS profiles for the CO 2 ͑Fig. 2 and Fig. 3͒ have the same frequency independently whether the final state that is being considered is the Rydberg 3s or 4s. If we compare the O 1s͑ g ͒ → 3s to the O 1s͑ u ͒ → 3s GOS profiles ͑Fig. 2͒ or the O 1s͑ g ͒ → 4s to the O 1s͑ u ͒ → 4s GOS profiles ͑Fig. 3͒, we can also observe that the expected phase shift takes place. The same is true for butadiene, if we compare the C 1s͑1a g ͒ → 3s to the C 1s͑1b u ͒ → 3s GOS profiles ͑top of Fig.  4 and Fig. 5͒ or the C 1s͑2a g ͒ → 3s to the C 1s͑2b u ͒ → 3s GOS profiles ͑bottom of Fig. 4 and Fig. 5͒ .
In butadiene, the distance between the two internal carbon atoms is 2.757 a 0 while the distance between the two terminal carbon atoms is 6.994 a 0 ͑Table I͒. As expected from Eq. ͑10͒, the GOS profiles for transitions involving orbitals centered at the internal carbon atoms ͑1a g and 1b u ͒ present a smaller number of maxima than those GOS profiles for tran- sitions involving orbitals centered at the terminal carbon atoms ͑2a g and 2b u ͒ ͑Fig. 4 and Fig. 5͒ .
All these characteristics come to corroborate the hypothesis that the oscillations are due to Young-type interference.
IV. CONCLUSIONS
Oscillations in differential cross sections or in generalized oscillator strength ͑GOS͒ measurements and theory have been commonly found for several decades but only recently they have been reported in O 1s → ns͑n =3,4͒ inner-shell excitations of CO 2 by electron impact ͓14,15͔. In the present work, we have shown that similar oscillations can also be observed in the theoretical GOS for C 1s → 3s excitations of butadiene.
At least, in principle, these oscillations may arise due to different mechanisms, such as the effect of the nodal structure of the molecular excited state, multiple scattering, or Young-type interference. In order to check the actual mechanism that gives rise to the oscillations, we have performed two different kinds of test to check the hypothesis of these oscillations arise from Young-type quantum interference. In the first kind of test we have performed a series of GOS calculations for CO 2 molecule with complete D ϱh and broken C ϱv symmetries. As it might be in the case of Youngtype interference, only the calculations with complete symmetry have shown oscillations.
In the second kind of test, we have compared GOS profiles calculated with precise ab initio methods for several excitation processes in CO 2 and butadiene with a simple analytical model in which the Young-type interference term is explicit. This comparison has shown that the ab initio results nicely fit into the analytical model, showing the same functional dependence for a large range of transferred momentum.
Both tests bring very strong evidence favorable to the hypothesis that the oscillations are due to Young-type quantum interference related to symmetry-equivalent atoms.
One condition to the oscillations in GOS takes place is that the damping factor ͉f l ͉ 2 K −2 in Eq. ͑10͒ be not strong enough as to hide them. A strong damping is what seems to occur in 1s → * excitations, in which oscillations were never reported regardless of these being the most studied kind of transitions. The damping factor, however, is clearly weak for the transitions investigated in this work, and we do not have any reason to suppose that it would be different for 1s → ns transitions at several other systems with symmetryequivalent atoms. One reason that can explain why oscillations have not been reported is the subtle combination of phases between the almost isoenergetics ⌺ g → ⌺ u and ⌺ g → ⌺ g transitions, which results in a pattern of destructive interference. As soon as the experiments can resolve these transitions, we may expect that these quantum oscillations will be often observed. FIG. 4 . The same as in Fig. 2 but for the C 1s ͑1a g ͒ → 3s excitation ͑upper͒ and C 1s ͑2a g ͒ → 3s excitation ͑lower͒ of the butadiene. Fig. 2 but for the C 1s ͑1b u ͒ → 3s excitation ͑upper͒ and C 1s ͑2b u ͒ → 3s g excitation ͑lower͒ of the butadiene.
FIG. 5. The same as in
